The study of electrical signals associated with groundwater flow is a powerful method to determine, in a non-invasive way, the distribution of hydraulic heads in aquifers, hence the distribution of the hydraulic conductivity and storativity. Experimental hydraulic heads and electrical (self-potential, SP) signals associated with a pumping test in an unconfined aquifer were reproduced with a numerical model based on the finite-difference method. For simplicity, we assumed axial symmetry around the pumping well. We assessed the equivalent hydraulic conductivity and specific storage of the aquifer by fitting the piezometric levels obtained in the course of the pumping against synthetic hydraulic heads produced by the model. The current coupling coefficient is obtained from the best fit between the experimental and modelled SP signals at the end of the pumping phase. Then, keeping the previously determined hydraulic parameters, the relaxation of both the hydraulic heads and the SP signals were modelled and found to be consistent with the measured values. The data show almost linear relationships between the hydraulic heads in the aquifer and the electrical signals recorded at the ground surface. These results show that SP signals allow monitoring subsurface flow in the course of pumping experiments.
INTROD U C T I O N
Pumping test experiments are currently used to assess the hydraulic transmissivity and the storativity of aquifers (e.g. Bear 1988 ). In the course of a pumping test, hydraulic heads are recorded in a set of piezometric wells. However, this information is poorly distributed due to the high cost of piezometers. Consequently, because hydrogeological data are typically insufficient to obtain three-dimensional time-lapse distributions of the hydraulic head, additional information is requested. Moreover, monitoring wells perturb hydrogeological systems because they are highly permeable vertical drains. In contrast, geophysical methods are non-intrusive, and geophysical data can be obtained on a dense grid, which allows the space distribution of the information.
Since groundwater flow produces an electrical field, the socalled streaming potential (e.g. Revil et al. 2002 and the references therein) some interest has been paid in the last decades to use this phenomenon for non-invasive characterisation of preferential flow paths, location of the water table and estimation of hydraulic properties of aquifers (e.g. Ahmad 1964; Abaza & Clyde 1969; Sill 1983; Fournier 1989; Birch 1994 Birch , 1998 Titov et al. 2002; Revil et al. 2002 Revil et al. , 2003 . The generation of streaming potentials is related to groundwater flow, and especially is due to the drag of the excess of electrical charges contained in the vicinity of the minerals surface. Because streaming potentials are directly sensitive to hydraulic gradients and because hydraulic gradients amount significant values in the vicinity of pumping wells ( Fig. 1) , it is expected that significant fluctuations of the electrical potentials can be measured in the vicinity of a pumping well in the course of a pumping test. By measurable values, we mean values higher than 0.2 mV, which correspond to the typical level of noise in the field. This level of noise was assessed experimentally; it corresponds to half of variance estimated on the basis of repeated measurements (Revil et al. 2002 .
In an early work, Gorelik & Nesterenko (1956) presented experimental electrical potential drops versus azimuths at several stations located in the vicinity of a pumping well. Their results indicated that during a pumping test, the electrical field measured at the ground surface is oriented towards the well. Bogoslovsky & Ogilvy (1973) showed a significant positive electrical anomaly (∼40 mV) Figure 1 . Sketch of a pumping test in an unconfined aquifer and resulting SP signals. The positive hydrodynamic source of the electrical field is located near the pumping well, and negative sources are located far away under transient regime of the groundwater flow. The positive electrical source is centred on the pumping well, which possesses a metallic (conducting) casing, responsible for the sharp maximum, and the negative sources produce small minima in the electrical potential distribution. The sign of sources is in accordance with the negative charge of the solid surface, which is typical of silicate and aluminosilicate minerals in equilibrium with water under pH ∼ 7 (e.g. Ishido & Mizutani 1981) . Four petrophysical parameters (σ and K are the electrical and hydraulic conductivities, respectively, L is the current coupling coefficient and S s is the specific storage) as well as the initial head distribution H 0 are involved into the numerical computations. generated around a pumping well in steady-state conditions. Similar results have been also presented in Chapter XI of the monograph by Semenov (1980) . However, all the data discussed above contain only distributions of the electrical potential along a profile or around a pumping well, but not time-lapse distributions. Murashko et al. (1981) presented self-potential (SP) signals in the vicinity of a pumping well in transient conditions. They measured the SP response at three different times after the starting of the pumping test experiment. They recorded an anomaly amounting +60 mV at the beginning of the experiment and also significant variations of the electrical signals in the course of the pumping test. The data by Bogoslovsky & Ogilvy (1973) were inverted by Revil et al. (2003) and Darnet et al. (2003) to determine the position of the water table. However, there is a lack of information regarding the field data and experimental conditions in Bogoslovsky & Ogilvy (1973) to test fully these models.
Significant attention has also been paid in the two last decades to numerical modelling of SP associated with the groundwater flow. Sill (1983) was the first to propose a method of the numerical modelling based on the thermodynamic approach. Wurmstich & Morgan (1994) modelled the steady-state SP signals produced by a deep well during a pumping test in a deep oil reservoir. Ishido & Pritchett (1999) proposed a numerical post-processor to compute space and time distribution of electrical potentials resulting from underground conditions of fluid pressure, temperature and salt concentration. Ishido (2004) applied recently this post-processor to model the shape of SP usually observed at the ground surface of active volcanoes. Similarly, Sheffer & Howie (2001 used MODFLOW-3-D as a pre-processor to calculate the groundwater flow, and then calculated the resulting electrical field by solving the conservative continuity equation for the current density. Titov et al. (2002) proposed a 2-D plus time numerical code called Groundwater Flow Geo-Electrical Mapping (GWFGEM) for hydrogeological purposes. Note that all these codes are based on the finite-difference method. Revil et al. (1999) have modelled the SP response associated with the cooling of a dyke using the finite-element method.
Recently, new data containing observation of both electrical signals and piezometric levels in the course of a pumping test have been presented by Rizzo et al. (2004) . These results were interpreted using a new analytical interpretation scheme based on the coupling of hydrodynamic and electrical theory (Rizzo et al. 2004) . As a result the hydraulic conductivity and storativity of an aquifer have been assessed independently on the basis of electrical and hydrogeological data. The electrical and hydogeological estimations of the hydraulic conductivity were consistent. In this paper, we present a new analysis of these data based on the use of the GWFGEM code discussed above. The goal of our analysis is to show that SP distribution measured at the ground surface allows the determination of piezometric heads in the aquifer. This opens exciting perspectives in the determination of hydraulic conductivity and storativity distributions around a pumping well.
FROM THEO RY T O N U M E R I C A L M O D E L L I N G
A surface of a mineral in contact with water is electrically charged because of sorption of cations and anions and of proton exchange. This produces a microscopic electrical field in the vicinity of the mineral surface. In this electrical field, the ions of the pore water are attracted or repelled depending on the sign of the charge they carry. The electrostatic attraction and repulsion of the ions is balanced by their diffusion. It follows that the concentrations of the ions obey a Boltzmann distribution. It results in the formation of a diffuse layer of counter ions in which the net charge density balances the charge density of the mineral surface and of ions sorbed onto this surface. The mineral surface, the layer of sorbed ions and the diffuse layer form a so-called electrical double layer. When pore water flows through the porous composite, it drags part of the net charge of the diffuse layer, which produces a net current density at the macroscopic scale of a representative elementary volume, hence a polarisation of charge (e.g. Ishido & Mizutani 1981; Revil et al. 2003; Leroy & Revil 2004) .
At the macroscopic scale of porous soil, the theory of streaming potential can be based on linear irreversible thermodynamics, in which fluxes are linear functions of the thermodynamic forces (e.g. de Groot & Mazur 1962) . For example, Ohm's and Darcy's laws express that the electrical current (the electrical charge flux) and the hydraulic flux are proportional to the electrical field and to the pore water pressure gradient, respectively. Streaming potential, in which an electrical field is produced by the flow of water through a porous medium, is an example of the cross-coupling phenomena (e.g. de Groot & Mazur 1962) . For the streaming potential, the electrical current density j (in A m −2 ) is
where σ (in S m −1 ) is the electrical conductivity, ψ (in V) is the electrical potential, l (in A Pa −1 m −1 ) is the current coupling coefficient, p (in Pa) is the hydrostatic pressure, ρ w (in kg m −3 ) is the water density, g (in m s −2 ) is the gravity acceleration, H (in m) is the hydraulic head and z (in m) is the constant elevation, from which the hydraulic heads are counted out. The first term of the right-hand side of eq. (1) represents the conduction current density (Ohm's law), and the second term corresponds to the streaming current density (source current). The voltage coupling coefficient C = −l/σ (in V Pa −1 ) is also introduced to characterize the voltage drop in response to the unit pressure gradient. For practical use in hydrogeology it is convenient to combine eqs (1) and (2), assuming that the water density is constant,
where the coupling term L is expressed in A m −2 , and characterizes the electrical current density produced in response to the unit hydraulic gradient. Accordingly, the voltage drop produced by the hydraulic gradient is characterized by the voltage coupling coefficient, C = −L/σ expressed in V m −1 . The charge conservation in the quasi-static limit is
which means that j is conservative. Combining eqs (3) and (4), the electrical potential obeys to a Poisson equation:
The groundwater flow is governed by the diffusion equation (e.g. Bear 1988 ),
where K (in m s −1 ) is the hydraulic conductivity, S s (in m −1 ) is the specific storage and q (in s −1 ) represents hydraulic sources and sinks. Combining eqs (5) and (6), we obtain after some algebra an equation containing in the right-hand side the hydraulic (external) sources of the electrical field,
There are three types of the external sources in the right-hand side of eq. (7). The first term corresponds to primary hydraulic sources and sinks. For the case of pumping test experiments, for example, it is related to the volumetric flow rate (or injection) of a pumping well (Fig. 1) . The second term specifies sources related to the compressibility of the porous sediments and is non-zero in regions of the transient groundwater flow. The third term describes secondary hydraulic sources produced by inhomogeneities in the current coupling coefficient and hydraulic conductivity, which are crossed by the groundwater flow. After the shutdown of the pump the first term in eq. (7) vanishes, and hydraulic sources related to the compressibility and to the inhomogeneities are responsible for the streaming potential response to the relaxation of hydraulic heads,
The modelling method is a three-step process. First, eq. (6) is solved with appropriate (Neuman or Dirichlet) boundary conditions for the hydraulic head or for the groundwater flow. Then, electrical sources are calculated on the basis of previously obtained hydraulic head distribution. Finally, the electrical potential is calculated by solving eq. (5) with appropriate boundary conditions on the electrical potential or the electrical current density. The procedure of solution of the differential equations is based on the finite-difference method with strictly implicit scheme (e.g. McDonald & Harbaugh 1988; Press et al. 1992, p. 839) . The modelled area is broken up into rectangular cells, which can be of different size. The finitedifference discretization of eqs (5) and (6) produces two systems of linear equations, which are solved using the Gauss-Seidel iteration procedure with overrelaxation (Press et al. 1992, p. 857) . In the course of a pumping phase, hydraulic heads decrease, a part of an aquifer may become unsaturated, and an unconfined area occurs. In a model, an unsaturated cell becomes inactive when the hydraulic head decreases up to the bottom of the cell. In the course of the relaxation phase following the shutdown of the pump, hydraulic heads increase, and an inactive cell becomes active again while the hydraulic head in adjacent cells arrives at a level of bottom of the cell.
FIEL D D ATA A N D D E S C R I P T I O N O F T H E M O D E L
The geological setting and details of the experiment we model in this paper has been recently presented by Rizzo et al. (2004) . We only briefly describe here the main features of the site in order to explain the geometry of the model. The pumping well crosses four geological formations (Fig. 2 ). Formation A corresponds to an heterogeneous gravels in a silty sand matrix that extend from the ground surface to a depth of about 7 m. The second formation (B) is a shale layer extended up to a depth of about 11 m. The third formation Figure 2 . Model of the test site. The model is axisymmetric centred on the pumping well (P5). Only half of the cross-section is shown. Initial heads were taken from the piezometer records. Label 'P' marks the location of the monitoring wells P9, P3, P1 and P7. The piezometric levels at the end of the pumping test are shown by filled inverted triangles. The solid line shows the modelled phreatic surface. Because we neglected an influence of the shallow aquifer, two shallow layers were involved into the electrical part of the modelling, and were not into the hydraulic part. The values of hydraulic parameters were obtained by the best fit between the observed piezometric levels and modelled hydraulic heads. The values of electrical conductivity were taken from an electrical resistivity tomographic cross-section obtained by Rizzo et al. (2004, fig. 2 ). Position of the electrodes and wells during the pumping experiment as seen from above. Only the central part of the test site is shown. The reference electrode is located at ∼25 m to the south from the pumping well P5. The numbers label the non-polarisable electrodes used at the ground surface (modified from Rizzo et al. 2004 ).
(C) composed by a silty sand layer is the main aquifer spread up to ∼55 m. The deepest formation (D) is the shale substratum.
Locations of boreholes and electrodes network are shown in Fig. 3 . The pumping test was conducted in well W5 with a pumping rate equal to 2.7 L s −1 during 98 hr. The monitoring of the hydraulic heads in the main aquifer was performed with five piezometers, one of them is located 19 m away from the pumping well W5 and is not shown in Fig. 3 . All the wells were equipped with metallic casings. This is because the experimental site was not initially planned for SP experiments. Metallic casings disturb the electrical equipotentials and also often produce strong negative anomalies on the ground surface, which are caused by redox reactions related to the casing corrosion (e.g. Corwin 1989) .
The SP signals were observed along the two profiles where nonpolarisable electrodes were located. The space reference electrode was located 25 m to the south of the pumping well and is not shown in Fig. 3 . The piezometric levels were observed during both the pumping and the relaxation phases. The SP signals were monitored in the course of the relaxation phase only, during 175 min following the shutdown of the pump. At the end of the experiment, the piezometric levels were considered nearly constant in the vicinity of the pumping well. The values of the SP obtained 175 min after the shutdown of the pump were used as the temporal reference for each electrode, i.e. the values of electrical potential were set up to 0 at that time. This temporal reference was used in order to remove the static component of SP produced mainly by corrosion of metallic casings. For more details concerning decoupling of streaming potential and redox potential see Rizzo et al. (2004) and Naudet et al. (2003) . In addition to the SP monitoring, a resistivity tomography was performed along a profile prior the shutdown of the pump (Rizzo et al. 2004, fig. 2 ). This provides values to the electrical conductivity of the formations described above.
According to the piezometric data obtained before the experiment, the hydraulic head in the main aquifer corresponds to the top of the formation B. Therefore, the aquifer was confined prior to the pumping test. In the course of the experiment, the piezometric level moves down to the depth of 21 m below the ground surface in the vicinity of the pumping well, and the aquifer becomes unconfined.
We considered the model of the test site with axi-symmetric geometry centered on the pumping well (Fig. 2) . Therefore, only one side of the cross-section is discretized. Upon SP modelling each layer is characterized by four parameters (the electrical and hydraulic conductivities, the specific storage and the current coupling coefficient, see Fig. 1 ). In order to reduce the number of the unknown parameters, we considered the formations B and D as impermeable, therefore, we ignored the possible infiltration through the formations A and B, and we assumed that the groundwater flow occurs only in the main aquifer. Thus, only the values of hydraulic conductivity and storativity of the formation C should be assessed in the course of the model calibration. We also assumed that the value of the current coupling coefficient L is constant through the entire aquifer, and we used the values of electrical conductivity for all formations, derived from the electrical tomography shown by Rizzo et al. (2004) . These values were kept constant in the course of the modelling. The metallic casing of the pumping well was modelled by cells with electrical conductivity value equal to 10 3 S m −1 . The top of the formation D was considered as the datum from which the hydraulic heads were counted out.
For the hydraulic modelling we kept the no-flow conditions on the boundaries of the aquifer, and we used the hydraulic head value of 48 m as the entry condition according to the field data. For the electrical modelling, we used the no-flow condition on the axis of symmetry of the model and on the ground surface, and the condition of zero electrical potential on the bottom of the model and on the right boundary of the model. The right boundary of the model is located far away from the pumping well in order to guarantee that the modelled system is isolated. This boundary is located 2800 m away from the pumping well, and in the course of the modelling we checked that the radius of influence of the pumping well is smaller than this distance.
DETE R M I N AT I O N O F T H E M O D E L PA R A M E T E R S
The SP signals were monitored a few minutes during the pumping phase before the shutdown of the pump and in the course of the relaxation phase following the shutdown of the pump. However, to model the SP signals during the relaxation phase, we need the hydraulic head distribution at the end of the pumping phase. Therefore, we determined first the model parameters on the basis of piezometric data obtained in the course of the pumping phase. Then, we calculated the hydraulic head distribution at the end of the pumping phase. We used this distribution as the entry condition for the modelling of the relaxation phase. Then, we modelled the relaxation phase, keeping fixed the determined values of hydraulic conductivity and specific storage. We assessed the consistency of the model by comparing the synthetic hydraulic heads and the piezometric levels on one hand and the synthetic and observed SP signals on the other hand.
Pumping phase
We modified the model parameters in order to obtain the best fit between the piezometric levels monitored in the observation wells and the modelled hydraulic heads. First, we used the parameters, which Rizzo et al. (2004) determined on the basis of the Theis solution (Theis 1935) (Fig. 4a) . Taken into consideration that the Theis solution was derived for the case of a confined aquifer, we considered the aquifer confined in the course of the pumping test (with The aquifer is assumed confined and the hydraulic parameters are those determined by Rizzo et al. (2004) . Note the discrepancy in the location of experimental and modelled depression cones. (b) The aquifer is assumed unconfined and the hydraulic parameters are assumed to be the same as above. Note the discrepancy between the modelled and experimental drawdowns at the late stage of the pumping phase. (c) The case of unconfined aquifer with an extended hydraulic conductivity value. Note the discrepancy of the modelled and experimental drawdowns in the whole time range. (d) The case of heterogeneous aquifer. Hydraulic conductivity was assumed larger in the vicinity of the pumping well than far away. Note a good agreement between the experimental and modelled drawdowns and between the experimental and modelled locations of the depression cone.
the initial head at 60 m above the datum). The modelled drawdowns reproduced well the shape of the observed drawdowns; however, the modelled depression cone at the end of the pumping phase is located approximately 15 m above than the observed one. This discrepancy can be explained by the fact that only drawdowns are significant in the Theis solution, and not the location of the depression cone on the vertical plane.
Then, we used the same hydraulic parameters (Fig. 4b) with the entry condition on the hydraulic head at 48 m, which corresponds to the hydraulic head distribution prior to the experiment. Subject to the entry conditions the aquifer becomes unconfined in the course of the pumping test. It follows to a discrepancy between the observed and modelled drawdowns in the late stage of the pumping. The modelled hydraulic gradient in the close vicinity of the pumping well also becomes substantially larger than the observed gradient. In order to fit the modelled hydraulic gradient to the observed gradient we extended the value of the hydraulic conductivity (Fig. 4c) . However, this attempt follows to the strong discrepancy between the observed and modelled drawdowns; moreover, the modelled depression cone stays above than the observed one.
In the last attempt (Fig. 4d) , we reduced the value of the specific storage through the entire aquifer in order to arrive at the best fit between the experimental and modelled drawdowns. We increased the value of the hydraulic conductivity for the first 40 m from the pumping well and we kept the value previously determined in Rizzo et al. (2004) for the remaining part of the aquifer. We obtained a good agreement between the observed and modelled drawdowns, and between the modelled and the observed depression cones on the vertical plane (Fig. 4d) .
We determined by trial end error the value of the current coupling coefficient from the best fit between the modelled and observed SP at the end of the pumping phase (Fig. 5) . The current coupling coefficient was found to be 4.0 × 10 −5 A m −2 . Taken into consideration the value of electrical conductivity in the aquifer (0.01 S m −1 ), it follows to the voltage coupling coefficient C equal to −4.0 mV m −1 . The sharp peak in the close vicinity of the pumping well is related to the high conductivity of the metallic casing. It results that the pumping well is almost an equipotential and channels the electrical current to the ground surface.
Relaxation phase
We kept fixed the determined parameters, and we used the hydraulic head distribution obtained at the end of the pumping phase as the entry condition for the modelling of the relaxation phase. Since the material properties entering the model were kept fixed between pumping and relaxation phases, a comparison of the modelled and observed relaxations can be considered as the test of our model. Fig. 6(a) shows comparison of the modelled and experimental depths of the water table plotted versus time. The slopes of experimental and modelled data were found to be in agreement. A small misfit can be related to the influence of the capillary moisture storativity, which was not accounted for in the modelling, and which allowed faster elevation of the water table. Fig. 6(b) shows comparison of the modelled SP at the position "P" of the model (see Fig. 2 ) and the SP signals observed at two points located 10 m from the pumping well (Fig. 3) . In the modelled SP the same space and temporal references were accounted for as for the observed SP. The modelled SP signals fit well the observed signals with a discrepancy less than 1.5 mV. The discrepancy can be related to an unremoved noise in the SP signals. Of course, this model is possibly non-unique but is a reasonable model that captures the main set of observations.
ANALYSIS O F T H E S Y N T H E T I C S E L F -P O T E N T I A L
Now we investigate the behaviour of SP produced at the ground surface by the pumping from the aquifer and by the relaxation of the phreatic surface. The investigation is based on the modelled SP signals and the modelled hydraulic head in the aquifer. For this analysis, we used the values of hydraulic conductivity and specific storage of the aquifer according to the model produced the best fit between experimental and synthetic data (Fig. 4d) . We paid here a special attention to the influence of the metallic casing upon the SP distribution. Fig. 7 shows the modelled SP signals at the ground surface and the hydraulic heads at the end of the pumping phase, just before the shutdown of the pump in the case of conductive casings of the pumping well. The boundary at the right side of the model served as the space reference for the SP, which corresponds grossly to an infinity condition for the electrical potential. With this space reference, the magnitude of SP is almost two times larger than that in the case of the space reference located at a distance of only 90 m from the pumping well (see Fig. 5 ). A small minimum in the SP distribution is observed between r = 800 and r = 1600 m. This domain corresponds to the location of the area with the transient flow regime. The minimum is described by the second term in the right-hand part of eq. (7). This term is negative because H decreases with time in the course of the pumping phase. The minimum was not observed on field data because of its very small magnitude. Fig. 8 shows the relationship between the modelled SP on the ground surface and the hydraulic heads in the aquifer. For the case of a conductive casing of the pumping well, the relationship is linear (coefficient of determination by linear fit (R 2 ) was found to be 0.99), and therefore SP signals can be used as an excellent proxy for piezometric levels. The slope of the linear fit represents an apparent voltage coupling coefficient equal to −1.5 mV m −1 . This is 2.7 times smaller than the true value of the coefficient (−4.0 mV m −1 , see Section 4.1). This is because the magnitude of the apparent voltage coupling coefficient depends not only on the true coupling coefficient value, but also on the distribution of electrical conductivity in the subsoil including the influence of the metallic casing.
For the case of insulating casing of the pumping well, the linear relationship is strongly deviated for the values taken in the vicinity of the pumping well. Here, the sensitivity of the SP signals to variations of the hydraulic head was found to be poor. The fact of higher sensitivity of SP signals to variations of the hydraulic head in the case of the conductive casing can be explained comparing peculiarities of the hydraulic head in the aquifer, and of the coupled electrical field on the ground surface. The hydraulic head distribution has a singularity on the axis of a pumping well, which is responsible for the sharp decrease of the hydraulic heads in the vicinity of a pumping well. The external source of the electrical field related to the pumping rate is located close to a pumping well (the first term in the right part of eq. 7), and represents the singularity of the electrical field. If a casing is non-conductive, the singularity of the electrical field is located in the aquifer only and the potential on the ground surface is smooth. Contrarily, if the casing is considered as an ideal conductor, it also represents a singularity in the electrical field. Therefore, a conductive casing makes the SP distribution on the ground surface closer to the hydraulic head distribution in the aquifer. Now we analyse the sensitivity of SP signals at the end of the pumping phase to hydraulic and electrical conductivity variations. We vary the hydraulic conductivity of the aquifer in the vicinity of the pumping well, the electrical conductivity of the pumping well casing, the electrical conductivity of the overlying layers and the depth of the aquifer. Fig. 9(a) shows relationship between the magnitude of SP, ψ max and the hydraulic conductivity of aquifer. It is seen that the magnitude of the SP signals decreases with the increase of the hydraulic conductivity. The smaller is the hydraulic conductivity the larger is the hydraulic gradient. Thus, a decrease of the hydraulic conductivity follows to an increase of the source term (eq. 5), and therefore to an increase in SP magnitude. This is also qualitatively in agreement with the prediction based on the analytical solution provided by Rizzo et al. (2004) . A relationship between ψ max and the electrical conductance of the casing, Y c (which is mainly determined by the radius and the thickness of the casing) illustrates how the conductive casing channels electrical current (Fig. 9b) . At low Y c values ψ max strongly increases with Y c increase. Starting from ∼ 0.8 S ψ max increases with a smaller rate, and for Y c > 1.2 S it becomes nearly constant.
Clayey aquitards are typically of large electrical conductivity and screen electrical fields. We characterize the conductance of the aquitard (formation B) by the product of its thickness, h and electrical conductivity, Y a = σ h. Note that the conductance of the formation B is much larger than that of the formation A. Fig. 9(c) illustrates the decrease of the SP response with the increase of the aquitard electrical conductance. We observe that the magnitude of the SP signals is approximately linearly related to the logarithm of the electrical conductance of the aquitard. The magnitude of the SP signals is also related to the depth of an aquifer. We vary the depth of the top of aquifer (Fig. 9d) and we show that the SP magnitude versus depth can be approximated by a linear fit. Fig. 10 shows the relationships between the SP signals at the ground surface and the hydraulic head in the aquifer in the course of the relaxation phase following the shutdown of the pump. All SP distributions were calculated relative to a reference electrode located 90 m from the pumping well. The relationships are presented (1) by taking into account the temporal reference at 175 min (i.e. the difference between the values of the potential at each time and the potential at 175 min were calculated) and (2) without taken this reference into account. The linear relationships are deviated for the values taken in the vicinity of the pumping well for both the cases of conductive and insulating casing. However, the goodness of the linear fits is, in both cases, relatively high. The best fit coefficient (R 2 ) ranges between 0.873 and 0.971, and increases with time after the shutdown of the pump. For the domain close to the pumping well, small variations of the hydraulic head are responsible for large variations of the electrical potential in the case of conducting casing. This is not the case if the casing is insulating. This is explained again by the fact that the electrical current is channelled along the metallic casing, which produces a sharp SP maximum associated with the pumping well.
The numerical data show that at 175 min after the pump shutdown, the equilibrium of the hydraulic head distribution has not been achieved. It follows to a decrease of the apparent voltage coupling coefficient calculated on the basis of the data accounted for the temporal reference comparing that of the data without taken it into account. The values of the apparent voltage coupling coefficient were found to be in the range from −0.96 to −1.6 mV m −1 , which is 2.5-4 times smaller than the true voltage coupling coefficient. The synthetic value of the apparent coefficient obtained for the data accounted for the temporal reference (−1.1 mV m −1 ) is close to the experimental value of the coefficient (−0.75 mV m −1 ) determined empirically by Rizzo et al. (2004) . Fig. 11 shows the radial SP distribution in the vicinity of the pumping well at the end of the pumping phase just before the pump shutdown. The SP signals are produced mainly by the electrical current channelled by the metallic casing.
CONC L U D I N G S TAT E M E N T S
In this paper, we have determined the hydraulic parameters of an aquifer from the hydraulic heads obtained in the course of the pumping phase during a pumping test experiment. Then, we checked the consistency of the model comparing the relaxations of the modelled and observed hydraulic heads and SP signals. The numerical model emphasizes the unexpected role played by the metallic casing in the distribution of the electrical potential measured at the ground surface. The conducting casing increases the sensitivity of the SP signals at the ground surface to variations of the hydraulic heads in the aquifer in the vicinity of the pumping well by comparison with the case of an insulating casing. At the end of the pumping phase (quasi-state condition), there is a perfectly linear relationship between the SP signals determined at the ground surface and the in situ hydraulic heads despite the fact that the aquifer is heterogeneous in terms of hydraulic conductivity distribution.
For practical applications of the proposed method to pumping tests, we carried out a sensitivity analysis of the magnitude of the SP signals recorded at the ground surface with various electrical and hydrological parameters involved in the model. The analysis of the sensitivity of SP signals to variations of hydraulic and electrical parameters reveals the following behaviours. The magnitude of the SP signals decreases when the hydraulic conductivity increases, which is qualitatively in agreement with the analytical solution obtained by Rizzo et al. (2004) . The electrical conductance of the pumping well casing in the range from 0 to 0.8 S strongly influences the distribution of the SP signals at the ground surface. Further increase of the conductance of the pumping well above 0.8 S has a little impact on the SP signals.
The feasibility of SP monitoring is determined by the magnitude of the SP signals that can potentially be measured at the ground surface. An electrical field produced by a pumping test in an aquifer overlaid by a clayey aquitard can be screened by this aquitards depending on its electrical conductance. We found that the magnitude of the SP signals is approximately linearly related to the logarithm of the electrical conductance of the aquitard. The depth of the aquifer also determines the SP signals measured at the ground surface. This relationship can be approximated by a linear fit.
As in the case of the quasi-static conditions, the relationship between the SP signals and hydraulic heads in the relaxation phase following the shutdown of the pump can be also approximated by a linear fit. We observed that the goodness of this fit increases with time for both the types of casing. This linear correlation between the electrical SP signals measured at the ground surface and the piezometric heads enables to use SP signals as a proxy for the piezometric levels. Of course, in each case, a calibration of this linear trend with a set of piezometers and electrodes placed in the vicinity of these piezometers is required. As the electrical sensors (electrodes) are cheap, they can be used in the field to provide a dense resolution of the distribution of the hydraulic heads. Then, such a high-resolution map of the hydraulic heads can be used to invert the hydraulic conductivity distributions with a better amount of information by comparison with the case where only the piezometric data are available in few piezometers.
The future improvement of our approach would include the determination of equivalent hydraulic conductivity and storativity around the pumping well by assuming that they depend on both the azimuth and the distance to the pumping well. Because this determination requires information about the electrical conductivity distribution around the well, it follows to the perspective of combining 3-D electrical resistivity tomography with the SP method to improve the determination of the hydraulic parameters of aquifers on the basis of pumping tests. Of course, this perspective would require an automatic inversion procedure rather than the trial-and-error approach used in the presented study to determine the model parameters.
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